DNA methylation contributes to tumor formation, development and metastasis. Epigenetic dysregulation of stem cells is thought to predispose to malignant development. The clinical significance of DNA methylation in ovarian tumor-initiating cells (OTICs) remains unexplored. We analyzed the methylomic profiles of OTICs (CP70sps) and their derived progeny using a human methylation array. qRT -PCR, quantitative methylation-specific PCR (qMSP) and pyrosequencing were used to verify gene expression and DNA methylation in cancer cell lines. The methylation status of genes was validated quantitatively in cancer tissues and correlated with clinicopathological factors. ATG4A and HIST1H2BN were hypomethylated in OTICs. Methylation analysis of ATG4A and HIST1H2BN by qMSP in 168 tissue samples from patients with ovarian cancer showed that HIST1H2BN methylation was a significant and independent predictor of progression-free survival (PFS) and overall survival (OS). Multivariate Cox regression analysis showed that patients with a low level of HIST1H2BN methylation had poor PFS (hazard ratio (HR), 4.5; 95% confidence interval (CI), 1.4 -14.8) and OS (HR, 4.3; 95% CI, 1.3 -14.0). Hypomethylation of both ATG4A and HIST1H2BN predicted a poor PFS (HR, 1.8; 95% CI, 1.0 -3.6; median, 21 months) and OS (HR, 1.7; 95% CI, 1.0-3.0; median, 40 months). In an independent cohort of ovarian tumors, hypomethylation predicted early disease recurrence (HR, 1.7; 95% CI, 1.1-2.5) and death (HR, 1.4; 95% CI, 1.0-1.9). The demonstration that expression of ATG4A in cells increased their stem properties provided an indication of its biological function. Hypomethylation of ATG4A and HIST1H2BN in OTICs predicts a poor prognosis for ovarian cancer patients.
INTRODUCTION
Ovarian cancer is the most deadly malignancy of the female reproductive system (1) . Epithelial ovarian cancer (EOC) represents one of the most common causes of death in women worldwide. The etiology is unclear, and the poor outcome has persisted for decades. Ovarian tumors, especially high-grade serous tumors, often produce vague symptoms, and the disease is often diagnosed in advanced stages (2, 3) . After cytoreductive surgery, although treatment with platinum or taxane produces a complete responses in 70% of patients, most will relapse and experience cisplatin-resistant disease within 18 months, especially in advanced-stage patients (4) . Clinicopathological variables such as the patient's age and tumor histology, stage and grade cannot predict clinical outcomes accurately, nor do they provide biological insight into the clinical progression of tumors (3, 5) . Individualized cancer treatment is becoming more important in personalized medicine. Using molecular markers to stratify patients may help to identify subgroups of patients who will be responsive to current treatments and may help to avoid unnecessary side effects in patients with predicted poor responses.
Epigenetic changes play an important role in the development of cancer, which can be considered to be a developmental disorder. Of these epigenetic changes, DNA methylation has been studied intensively. Compared with the normal genome, cancer genomes are globally hypomethylated and hypermethylated or hypomethylated at specific sequences usually in enhancer or promoter regions. Aberrant DNA methylation is a common epigenetic event leading to the inactivation of tumor suppressor genes (TSG) in ovarian cancer (6, 7) . Several studies have indicated that the methylation of specific genes may serve as a biomarker for diagnostic screening and prognostic prediction for ovarian cancer (8, 9) . Epigenetic silencing by promoter hypermethylation of TSG that repress the expression in various cancer cells, such as ARLTS1 (10), DLEC1 (11), OPCML (12,13), RASSF1A (13, 14) and TCEAL7 (15) , is commonly observed in ovarian cancers. Silencing of the development-associated transcription factors HOXA10 and HOXA11 (16) is associated with ovarian cancer initiation and progression to chemotherapy resistance (17) . In addition, hypermethylation of many genomic regions associated with transcriptional silencing has also been shown in different histological subtypes of ovarian cancer (18) . DNA methylation might serve as a marker for the early diagnosis of cancer and as a means of assessing the prognosis of cancer patients.
One emerging model for the development of drug-resistant tumors is a pool of self-renewing malignant progenitors known as tumor-initiating cells (TICs) or cancer stem cells. TICs have the ability to resist chemoradiotherapy and give rise to cancer metastasis and recurrence (19) . In theory, TICs are at the top of the hierarchy of cell types in distinct stages of differentiation (20) . Epigenetic mechanisms are key components of the dynamic regulation of embryonic stem cell differentiation. Methylation changes of embryonic stem cell loci have been reported to hold prognostic potential in various cancers (21) . However, which epigenetic stem cell features are retained or changed in human cancers during carcinogenesis is unclear, and there are few reports on epigenetic dynamics in cancer stem cells and their clinical relevance.
In this study, we hypothesized that epigenetic modulation of ovarian tumor-initiating cells (OTICs) occurs during the repopulation of cancer cells. We aimed to identify changes in DNA methylation during this process and to test their potential as prognostic biomarkers for clinical applications.
RESULTS

DNA methylation-based marker discovery pipeline
Because TICs are associated with a poor prognosis, we hypothesized that some genes related to stemness should be unmethylated in these cells and would become methylated during repopulation. Our aim was to identify some genes with low methylation and high mRNA expression in TICs and with high methylation and low expression levels in repopulated cancer cells. We devised a comprehensive and systematic strategy to identify DNA methylation markers for EOC that are present in cancer tissues but not in TICs. The logistics of the study are summarized in Figure 1A . The genes that exhibited global differences between OTICs (CP70sps) and differentiated cancer cells (CP70) are shown in Figure 1D (left). The probes of the methylation array that failed (detection P-value . 0.01) in any sample were omitted from the analysis. There were 164 genes that were hypermethylated in the differentiated cancer cells (CP70) compared with the OTICs (CP70sps). To narrow the candidate gene list, we integrated our results with the methylomic profiling of an immortalized ovarian surface epithelial (IOSE) cell line that mimics the normal ovarian epithelium. The distribution of differential methylation probes is shown in Figure 1D . Forty-nine genes were hypermethylated in the cancer cell line compared with IOSE cells. Sixteen genes were commonly hypermethylated in the CP70 cell line but not in the CP70sps and IOSE cell lines. The methylomic profiles of these 16 genes were clustered hierarchically, as shown in Figure 1B .
Verification of methylation status and mRNA expression of candidate genes in cell lines
We used qRT -PCR to verify the mRNA expression of these 16 genes in CP70 and CP70sps cells ( Fig. 2A) . Genes with DNA hypermethylation in CP70 should have lower mRNA expression compared with CP70sps. Ten genes fulfilled this assumption. To generalize this finding, we tested the expression of these 10 genes in cancer cell lines (Fig. 2B) . Genes with DNA methylation in cancer cells should have lower expression compared with the normal ovarian epithelium. Five out of the 10 genes comply with our hypothesis and were selected for further analysis. Demethylation treatment using 5-aza-2 ′ -deoxycytidine in CP70 cells was used to verify the relevance of DNA methylation and gene expression of these five genes. ATG4A and HIST1H2BN fulfilled this criterion. Quantitative methylation analysis confirmed the higher methylation level of ATG4A and HIST1H2BN in cancer cells compared with TICs and the normal ovarian epithelium (Fig. 2C) . The promoter demethylation and gene reexpression of these two genes after 5-aza-2 ′ -deoxycytidine treatment were also verified in other ovarian cancer cell lines (Fig. 2D) . The methylation status of ATG4A and HIST1H2BN was validated further in clinical samples including normal ovarian tissues and benign and malignant tumor tissues using quantitative methylation-specific PCR (qMSP) (Fig. 3A and B ) and pyrosequencing ( Fig. 3C and D) . Both benign and malignant tumors had significantly higher methylation levels than did normal ovarian tissues.
DNA methylation of ATG4A and HIST1H2BN as a prognostic factor
To evaluate the levels of DNA methylation as a prognostic biomarker, we prepared a CONSORT diagram including all EOC patients in the quantitative DNA methylation analysis (Fig. 1C) . The methylation status of ATG4A correlated significantly with . Two hundred and five probes show as green dots that had at least 10% of differential methylation between CP70 and CP70sps cells. Forty-nine genes had at least 20% of differential methylation between CP70 and IOSE cells (blue dots). Sixteen genes exhibited significant differences between the two groups that were compared (red dots). the clinical stage (P ¼ 0.002). The methylation status of HIST1H2BN did not correlate with age, clinical stage, histological grade or subtype; however, the cisplatin resistance was significantly associated with low methylation of HIST1H2BN (P ¼ 0.01). Forty-nine of the 61 patients (80.3%) with low methylation of ATG4A had advanced-stage disease; this percentage was significantly .57.0% (61/107) in patients with high methylation levels ( Table 1) .
The prognostic significance of the DNA methylation identified was tested. The results of the univariate Cox regression analysis for progression-free survival (PFS) and OS are presented in the Supplementary Material, Table S2 . As expected, FIGO stage and grade were associated with PFS and OS. Low methylation of ATG4A was significantly associated with poor PFS (hazard ratio (HR), 2.3; 95% confidence interval (CI), 1.2-4.4) and OS (HR, 1.9; 95% CI, 1.1-3.3). The prognosis of patients with low methylation of HIST1H2BN was associated with worse OS (HR, 3.1; 95% CI, 1.0 -9.7). The Kaplan-Meier analysis for the PFS and OS of cancer patients revealed that, compared with patients with high methylation of ATG4A or HIST1H2BN, patients with low methylation had a significantly shorter PFS ( Table 2 ). Although the low methylation of ATG4A was a significant predictor of recurrence and death in the univariate analysis, this effect was no longer evident in the multivariate analysis. However, the adjusted HRs for PFS and OS in the low methylation status of both ATG4A and HIST1H2BN versus the more than one genes high methylation patients were 1.8 (95% CI, 1.0-3.6) and 1.7 (95% CI, 1.0 -3.0), respectively ( Table 2) .
Using similar methods, we based our analysis on ovarian cancer samples and performed a survival analysis of the methylation status of the two genes in high-grade serous ovarian cancer samples using The Cancer Genome Atlas (TCGA) data portal. This dataset consisted of 385 cases and was used as an independent validation set in our analysis. The results of the Cox proportional hazard model for recurrence are presented in Supplementary Material, Table S3 . FIGO stage, HIST1H2BN methylation status and ATG4A/HIST1H2BN methylation status were independently correlated with recurrence (all P , 0.05). Specifically, patients with a low HIST1H2BN methylation level had a significantly higher risk of recurrence than did patients with a high methylation level (HR, 1.5; 95% CI, 1.0 -2.2; P ¼ 0.04). The risk of disease recurrence in patients with low ATG4A/HIST1H2BN methylation level was 1.7 times higher than that observed in patients with high methylation levels (95% CI, 1.1-2.5; P ¼ 0.02). The results of the Cox proportional hazard model for variables that influenced the risk of death are presented in Supplementary Material, Table S4 . Age at diagnosis, methylation status and stage were the main predictors of death (all P , 0.05). Compared with patients with a low ATG4A methylation level, the HR for death in patients with a high methylation level was 1.4 (95% CI, 1.0-1.9; P ¼ 0.03). Moreover, patients with low methylation of ATG4A and HIST1H2BN were more likely to die within the follow-up period (HR, 1.4; 95% CI, 1.0-1.9; P ¼ 0.03). Patients with Stage IV disease were two to three times as likely as patients with Stage II to have disease recurrence or death (HR, 2.4; 95% CI, 1.2-4.6; P ¼ 0.009 and HR, 3.0; 95% CI, 1.4-6.7, respectively). The PFS status for the 314 patients included in these analyses is presented in Figure 5C (left). Among the patients in the group with low methylation of both genes, half had recurrence at 12 months of follow-up, whereas the patients in the group with high methylation of both genes exhibited recurrence at 20 months. The difference in PFS status at the end of follow-up between groups with low methylation of both genes and high methylation in more than one gene was statistically significant (Fig. 5D , left; P ¼ 0.009). Figure 5C (right) shows the OS status according to gene methylation. The median OS was 37 months for the group with low methylation of both genes and 48 months for the group with high methylation of both genes. This difference in OS between groups with high methylation of both genes and low methylation of more than one gene was statistically significant (Fig. 5D right; P ¼ 0.02).
The expression of ATG4A increased stem properties
As shown in Figure 2A , high expression of ATG4A was observed in OTICs (CP70sps), whereas it was epigenetically silenced in ovarian cancer cells (CP70). The low methylation of ATG4A in CP70sps and high methylation of ATG4A in CP70 cells are shown in Figure 2C . In addition, the high methylation of ATG4A was related to poor prognosis in ovarian cancer patients (Figs 4 and 5). Thus, the relevance of ATG4A/HIST1H2BN in TICs is that these two genes are differentially methylated and expressed in TICs compared with differentiated cancer cells. These differences may represent the enrichment of TICs and confer different malignant behaviors on ovarian cancer cells in patients, leading to different outcomes. To address the biological function of ATG4A in ovarian cancer, we expressed ATG4A ectopically in the ovarian cancer cell lines SKOV3 and CP70, and knocked it down in A2780 cells (Supplementary Material, Fig. S1A ). We observed that ATG4A increased the stem properties and malignant phenotype of cells, including increasing the expression of stem markers (Fig. 6A ), drug resistance (Fig. 6B , Supplementary Material, Fig. S1C ), cell migration ( Fig. 6C ) and anchorage-independent growth (Fig. 6D) .
DISCUSSION
Predictive and prognostic biomarkers offer a potential means of personalizing cancer medicine. Translation from molecular insights to clinical stratification of patients may help to identify subgroups of patients responsive to current treatments and to diminish the unnecessary side effects in patients with predictive poor responses (22) EGFR mutations for lung cancer (23) and HER2-directed therapy for breast cancer patients (24) are two examples of current personalized therapy. However, investigations of biomarkers including 'BRCAness' and 'PI3Kness' for personalizing therapy in EOC have not been successful so far (25) . Earlier reports using CpG island microarrays to interrogate thousands of CpG loci revealed a methylation signature comprising 112 loci that predicted PFS in advanced ovarian cancer patients (9, 26) . Epigenetic modifications at specific CpG sites correlate with PFS and OS in ovarian cancer patients treated with conventional chemotherapeutics (8,16,27 -29) . Experiments using demethylation demonstrated resensitization of platinum-resistant ovarian cancer cells to commonly used drugs (30, 31) . Recent trials of the demethylation agents, azacitidine and decitabine in ovarian cancer patients demonstrated reversal of platinum resistance (16, 32) . The number of demethylated genes in tumor tissues after treatment with decitabine and carboplatin was greater in patients with PFS .6 months (16), indicating the demethylation effects of decitabine in vivo. Here, we show that our systemic methylation profiling identified and verified candidate gene DNA methylation during repopulation by OTICs. We found hypomethylation of ATG4A and HIST1H2BN in OTICs; in addition, methylation distinguished the prognosis of patients treated with conventional therapies.
HIST1H2BN, located on human chromosome 6 (6p21-p22), encodes a member of the histone H2B family known as the Histone H2B-type 1-N protein in humans (33) . This is linked to histone H1 that interacts with linker DNA between nucleosomes and functions in the compaction of chromatin into higher order structures. The promoter of HIST1H2BN has putative p53-binding sites, and p53 has been speculated to repress HIST1H2BN gene expression in head and neck squamous cell carcinomas (34) . The etiology of ovarian cancer is not known. However, dysfunction of p53 is detrimental, and the latest TCGA report indicated that it is mutated in up to 96% of ovarian cancers (35) . The mutation of cells at the stem cell niche in the tubo-ovarian junction promotes the development of highgrade serous cancer (36) . As there are no functional studies of HIST1H2BN in cancer biology, we speculate that the mutation or deletion of p53 (35) may result in HIST1H2BN gene dysregulation and contribute to cancer progression. ATG4A encodes a cysteine protease and is involved in autophagy. Decreased levels of autophagy have been described in some malignant tumors (37) . Women carrying variant alleles of ATG4A have a reduced risk of ovarian cancer (38) . This study is the first report of HIST1H2BN and ATG4A methylation in cancers.
The present study compared differential methylation between TICs and cancer cells, rather than between cancer cells and noncancerous cells. Genes previously shown to display aberrant methylation in ovarian cancer cells may not be involved in the differentiation of TICs, and so may not be detected in the present study. In addition, the present study used the 27K Illumina bead array, which contains only 14 475 genes and targets promoter regions. Genes not included in the array cannot be analyzed, and sequences outside promoter regions are also missed. New versions of the array such as the 450K, which contains a genome-wide distribution of promoters, may provide more information. Non-targeted methods such as methylation DNA captured deep sequencing technology may reveal more comprehensive methylation profiles of intergene regions or gene bodies.
An increasingly accepted hypothesis for treatment failure is the failure to eradicate TICs. Several OTICs have been isolated based on side population (SP) analysis (39), spheroid culturing (40), ALDH1 activity (41) or cell-surface protein markers, such as CD117, CD133, CD24, CD44 and MyD88 (40, 42) . Although investigated extensively in recent years, the clinical relevance of this stem-like cancer cell theory remains elusive. However, enrichment of ovarian cancer stem cell markers in tissues correlates with poor prognosis (41, 43) . An embryonic stem cell gene expression signature is associated with poorly differentiated human solid tumors and with poor clinical outcome (44) . The expression profile of 11 gene signatures related to a putative stem cell renewal protein, Bmi-1, in primary tumors could be a consistent predictor of a short PFS, distant metastasis and death after therapy in patients diagnosed with various cancer types (45) . These findings suggest that a stem-enriched phenotype is a prognostic indicator of the poor outcome in ovarian cancer patients.
The role of DNA methylation in cancer stem cells and its relevance to clinical outcome have not been investigated. A recent bioinformatic report showed that hypermethylation of a subset of stem cell polycomb group genes and hypomethylation of a subset of genes originally heavily methylated in embryonic stem cells define a poor prognostic signature of ovarian cancers (21) . The present study demonstrates that a hypomethylated signature of OTICs in tumor tissues indicates a poor prognostic outcome in ovarian cancer patients. This is the first evidence of the potential clinical prognostic significance of DNA methylation changes during OTIC repopulation. We used both a methylomic approach and bioinformatics, and validated the results using different methods in cell lines and in an independent set of tissues from patients. We found that ATG4A and HIST1H2BN, which were not previously known to have stem cell functions, were hypomethylated in OTICs compared with cells from bulky tumors. Hence, we speculate that the hypomethylated signature in OTICs may represent an enriched stemlike phenotype that confers a poor clinical outcome. To test this hypothesis, we analyzed some functions of ATG4A in ovarian cancer cell lines. We found that ATG4A increased stem properties, including the expression of stem markers, and suspended the growth of ovarian cancer cells. The expression of ATG4A also promoted migration and chemoresistance in ovarian cancer cells. These additional experiments support the important roles of ATG4A in ovarian cancer biology and may have clinical significance. In addition, the stringent method combining SP Figure 4 . Kaplan-Meier plots of the probability of PFS and OS in ovarian cancer patients. (A -C) PFS (left) and OS (right) stratified by the methylation status of (A) ATG4A and (B) HIST1H2BN are shown for ovarian cancer patients as estimated by Kaplan-Meier curves and the log-rank test. Straight line: high methylation; bold line: low methylation. (C) Two genes low is defined as low methylation of both genes and ≥one genes high as high methylation of more than one gene. The clinical endpoint is indicated on the y-axis. PFS, progression-free survival; OS, overall survival; Prob., probability.
analysis and spheroid formation to enrich OTICs has led to the discovery of novel compounds targeting OTICs. Further elucidation of the functions of ATG4A and HIST1H2BN in OTICs may lead to the development of new therapeutics. We also analyzed the two genes in the TCGA Data Portal to validate the ability of DNA hypomethylation to predict poor prognosis. The TCGA portal is a large database accumulated from a large number of research studies. Some researchers have used this database to analyze the molecular basis of cancer. The Cancer Genome Atlas Research Network published their results regarding ovarian cancer in 2011 (35) , and some reports have provided TCGA methylomics data (28, 46) that indicate the presence of gene methylation in patients with a poor prognosis. However, these reports lack quantitative verification of methylation; thus, a more comprehensive assessment of methylation in ovarian cancer is needed.
In this study, we took the advantage of TIC concept using SP spheres of CP70, which is a subclone of A2780. A2780 was thought as an adenocarcinoma cell line. CP70 is a selected chemoresistant subclones. Our previous xenograft study confirmed the growth of a poorly differentiated adenocarcinoma after injection of CP70 and CP70 SP spheres. Two recent reports using genomic profiles revealed that A2780 is more likely endometrioid type (47, 48) . Although A2780 is not exactly the same genomic profile of high-grade serous type, this nature does not compromise our findings since we discovered these two genes from the concept of OTICs. The clinical significance of this hypomethylation signature of OTICs derived from this concept was validated in our dataset containing different histotypes and in TCGA dataset comprising high-grade serous-type cancers. The functions relevant to stem properties were also verified in vitro. We believe that histotype is important in many aspects, but, does not compromise our findings in the present study.
In conclusion, ovarian cancer patients with low methylation of ATG4A and HIST1H2BN genes have poor prognosis. This poor prognosis is related to the population of TIC phenotypes. Further prospective clinical trials are required to prove that the methylation of these genes is a prognostic biomarker using current therapeutic modalities. The application of this DNA methylation as a predictive biomarker for epigenetic therapy may help in the delivery of personalized medicine for ovarian cancer patients.
MATERIALS AND METHODS
Cell lines and OTIC enrichment
We cultured A2780, CP70, OVCAR3, SKOV3, TOV21G and IOSE cells with and without a demethylation agent and isolated the DNA and RNA from these cells. The method used for the enrichment and characterization of OTICs using SP spheroids (sps) has been reported previously (40) . In brief, for SP analysis, 10 8 cells were harvested and stained with 50 g/ml Hoechst 33342 (Sigma, St. Louis, MO, USA). Hoechst-stained cells were subjected to fluorescence-activated cell sorting using a FACSAria (BD Biosciences, Franklin Lakes, NJ, USA) for collection of dye-excluding SP cells. The dye-exclusion phenotype, identified by membrane efflux, was confirmed with an ABCG2-specific inhibitor, GF120918. The cells were cultured immediately in Ultra-Low attachment plates (Corning, Corning, NY, USA) with serum-free DMEM-F12 medium containing 0.4% bovine serum albumin (Sigma), 5 mg/ml insulin (Sigma), 20 ng/ml human recombinant epidermal growth factor (Invitrogen, Carlsbad, CA, USA) and 10 ng/ml basic fibroblast growth factor (Invitrogen) until spheres were grown. SP cells were then observed for the stem cell phenotype of tumor sphere formation (49, 50) under suspension-cultured conditions, and these spheroidforming cells were then referred to as SP spheroid (sps) cells. In the differentiation studies, CP70sps cells were cultured in standard coated dishes (Corning) with normal media and 10% fetal bovine serum.
To generate cells that express ATG4A stably, 3 × 10 5 SKOV3 and CP70 cells were plated into each 10 cm culture dish and starved the day before transfection. Immediately before transfection, cells were washed gently in 1× PBS, and 4 ml of Opti-MEM I reduced-serum medium (Invitrogen) was added into each dish. Lipofectamine 2000 (7.5 ml; Invitrogen) was diluted in 500 ml of Opti-MEM I medium and incubated for 5 min at room temperature (Solution A). The pcDNA3.1/ ATG4A plasmid, pLKO/shATG4A or empty plasmid (3 mg) was added to 0.5 ml of Opti-MEM I medium and incubated for 5 min (Solution B). Solutions A and B were immediately mixed and incubated for an additional 20 min at room temperature. After incubation, the mixture (total volume of 1 ml) was added directly to the cells and incubated at 378C for 5 h. The transfection medium mixture was replaced with fresh culture The HR adjusted by age, gene methylation status, stage and grade. * Significantly correlated with outcome, P , 0.05. medium. After 2 days, the cells were divided equally into three 10 cm culture dishes with complete culture medium. The following day, cells were cultivated with fresh culture medium containing 400 mg/ml of Geneticin (G418) (Invitrogen), which was replaced every 3 days.
The ATG4A short hairpin RNA (shRNA) was prepared and maintained according to the protocol provided by the National RNAi Core Facility, Academia Sinica. The sequences of shRNA-scramble, shRNA-ATG4A (KD1) and shRNA-ATG4A (KD2) are 5
Quantitative RT -PCR analysis
The expression of ATG4A and other target genes in stable cell lines was examined by qRT-PCR analysis. Fifty-fold diluted cDNA (4 ml) was amplified in a total volume of 25 ml containing 2× RT 2 SYBR Green qPCR Master Mixes (SABiosciences, Frederick, MD, USA) and 0.2 mM of each primer at 958C for 10 min, followed by 45 cycles of 958C for 15 s, the annealing temperature for 30 s and extension at 728C for 30 s; a melting curve was obtained. No RT (reverse transcription without reverse transcriptase) was used as a negative control. The relative gene expression level was determined by comparing the threshold cycle (C t ) of the test gene against the C t value of GAPDH in a given sample.
Methylation profiling
Genome-wide methylation profiling of 27 578 methylation sites in 14 475 genes was conducted using an Infinium HumanMethylation27 Bead array (Illumina Inc., San Diego, CA, USA). After normalization using the lumi methodology (51,52), we analyzed differential methylation according to the manufacturer's recommendation. We selected the probes provided with effective detection P-values of ,0.001 and performed hierarchical clustering analysis using MultiExperiment Viewer (MeV) 4.6.2 (53), a Java application designed to allow the analysis of microarray data to identify patterns of gene expression and differentially expressed genes. We set the critical P-value to be ≤0.01 to select probes with significantly different methylation levels. Next, we filtered differential methylation of probes that provided the differential average of b-values (AVG-b) ≥ 0.1 between CP70 and CP70sps. A b-value between 0 and 1 (ratio of methylated to the sum of methylated and unmethylated sites) and the average b-value corresponded to the methylation level for each probe at one CpG site (54) . The scheme of our analytical strategy aimed at identifying and verifying novel epigenetic biomarkers of higher methylation and lower gene expression levels in CP70 compared with CP70sps, as depicted in Figure 1A .
Bisulfite modification, qMSP and pyrosequencing Genomic DNA was extracted for methylation analysis, as previously described (55) . One microgram of genomic DNA was bisulfite modified using the CpGenome Fast DNA Modification Kit (Chemicon-Millipore, Bedford, MA, USA) according to the Two genes low are defined as low methylation of both genes, ≥ one genes high as high methylation of more than one gene and ≥ one genes low as low methylation of more than one gene. The clinical endpoint is indicated on the y-axis. PFS, progression-free survival; OS, overall survival; Prob., probability.
manufacturer's recommendations and redissolved in 70 ml nuclease-free water. We used qMSP to compare the promoter methylation status in ovarian tissues obtained from patients with EOC with that of benign and normal ovarian tissues, and we used pyrosequencing analysis to validate the results. Therefore, the reproducibility of technical duplicates was assessed. qMSP was performed in a TaqMan probe system using the LightCycler 480 Real-Time PCR System (Roche, Indianapolis, IN, USA) (55) . The DNA methylation level was estimated as the methylation index (M-index) using the formula: 10 000 × 2 [(Cp of COL2A) -(Cp of gene)] (56) . Test results with C p values for COL2A .36 were defined as detection failure. The primers for pyrosequencing were designed by PyroMark Assay Design 2.0 software (Qiagen, Hilden, Germany) to amplify and sequence bisulfite-treated DNA. The biotinylated PCR product was bound to streptavidin-Sepharose beads, washed and denatured. The sequencing primer was added to the PCR products, and pyrosequencing was performed using the PyroMark Q24 software (Qiagen) according to the manufacturer's instructions.
Patients and clinical samples
Tissue samples were collected with the informed consent of patients at the National Defense Medical Center, Taipei and the Taipei Veterans General Hospital, Taiwan. This study was approved by the Institutional Review Boards. The patients included 168 with EOC, 60 with benign ovarian tumors and 28 with normal ovarian tissue whose diagnosis included histological subtype and grade. The benign ovarian tumors included serous adenoma, mucinous adenoma and endometrioma. These specimens were obtained during surgery and were frozen immediately in liquid nitrogen and stored at 2808C until analysis. The inclusion criteria for the recruited patients were: confirmed FIGO stage and no prior radiotherapy or chemotherapy. The presence of malignant cells was confirmed by histological examination by gynecologic pathologists, who reviewed all of the specimens. The nature of which was epithelial ovarian carcinoma or primary peritoneal carcinomatosis. The exclusion criteria included borderline tumors, mixed mesodermal tumors, concurrent malignancies and pregnancy or malignancy within the previous 5 years. All EOC patients included in the study were aimed at verifying the applicability of the DNA methylation level as a prognostic marker. PFS was calculated from the time of the first operation to progressive disease. The patients who remained alive and did not have documented local recurrence were censored at their last follow-up date. Fifty-four patients presenting with persistent disease after the first-line standard treatment were excluded from the PFS analysis. OS was calculated from the time of the first operation to death because of EOC or the last follow-up. We also used the DNA methylation data from tissue samples of ovarian cancer patients obtained from TCGA data portal as an independent validation dataset. The Level 3 methylation dataset on the Illumina HumanMethylation27 Beadchip of high-grade serous tumors was available to perform a survival analysis based on the information obtained from the TCGA data portal. After excluding some cases with missing values for several clinicopathological variables, 385 patients were included in our analysis.
Cell proliferation and chemosensitivity assay
Cell growth and chemosensitivity were assessed by MTS assay. One thousand cells were seeded in 96-well plates for 3 days after 24 h serum starvation with or without various concentrations of cisplatin or taxol. Cell numbers (expressed as cell viability in %) were determined using the CellTiter 96 AQueous NonRadioactive Cell Proliferation Assay kit (Promega, Madison, WI, USA), according to the manufacturer's protocol. Relative cell numbers were assessed using a 96-well ELISA plate reader at an absorbance of 490 nm.
Wound-healing assays
Cells (1 × 10 5 ) were seeded on 6-well dishes until confluence and were then wounded using a yellow pipette tip. Three wounds were made for each sample, and the migration area was photographed and measured at 0 and 16 h. Images of each scratch were obtained, and cell migration was quantified by measuring the migrated area using Image J (57).
Soft agar assay for colony formation A 2.5-ml base layer of agar (0.5% agar in culture medium plus 400 mg of G418) was allowed to solidify in a 6-well flatbottomed plate before the addition of 2 ml of cell suspensions containing 10 000 cells in 0.3% agar in culture medium plus 400 mg of G418. The cell-containing layer was then solidified at room temperature for 20 min. Colonies were allowed to grow for 14 days at 378C with 5% CO 2 before imaging. Plates were stained with 0.05% crystal violet. The number of colonies in the entire dish was counted.
Statistical analysis
An adequate sample size of 62 patients per group, which was calculated based on a 15-year survival rate in patients with an FBXO32 methylation equal to 30% and a significant difference revealed by log-rank test at the alpha level of 5% (27) , was necessary to achieve the power of 80%.
We evaluated the cutoff values for the methylation status of each gene to achieve the best clinical performance to discriminate patients with recurrence from those without recurrence by calculating the area under the receiver-operating characteristic curve. The M-index of HIST1H2BN and ATG4A .618 and 1080, respectively, was defined as high methylation in our dataset. The b-value of HIST1H2BN and ATG4A .0.025 and 0.23, respectively, was defined as high methylation in TCGA dataset. We applied the same cutoff values to distinguish patients who died from those who survived. We defined all methylation values as high or low for further statistical analysis. We also combined the results for the two genes into signatures of high methylation levels for more than one gene and low methylation levels for both genes. Descriptive statistics were used to analyze the population distributions. The associations between candidate gene methylation levels and clinical characteristics and differential diagnosis were analyzed by the x 2 -test or Fisher's exact test and the Mann -Whitney U-test for categorical and continuous variables, respectively. The Kaplan -Meier analysis, log-rank test and Cox proportional-hazards models were used to estimate the survival distributions and to compare differences between the curves of PFS and OS. A univariate Cox regression analysis calculated the HR and a 95% CI for the risk of clinicopathological characteristics for each candidate gene. The multivariate Cox proportional-hazards model identified the independent prognostic values of age, DNA methylation status, tumor stage, grade and/or histological subtype. All analyses were two sided, and P-values of ,0.05 were regarded as significant.
